A series of mixed crystals with general formula Ba 7Ϫx Na y F 12 Cl 2Ϫz Br z in the ordered modification (space group P-6) has been studied by single crystal x-ray diffraction. Depending on synthesis conditions, the disorder in the channels (i.e. occupation of 0 0 z sites) can be changed. The disorder is found to be
Introduction
Crystals of Ba 7 F 12 Cl 2 doped with Eu II have been shown to be promising phosphorus materials [1, 2] , as it is one compound from the alkaline earth halide system with luminescent properties [3, 4] . In the same manner the isotypic lead halides have been studied as luminescent materials [5, 6] . Ba 7 F 12 Cl 2 can be crystallized in two different modifications, the ordered one (see Figure 1 ) with space group P6 isotypic to the previously reported lead compound Pb 7 F 12 Cl 2 [7] . The disordered modification (with space group P6 3 /m) was previously unknown, but could in the following also be obtained for Pb 7 F 12 Cl 2 [8] . Subsequently, we have initiated a series of experiments to explore the extent of solid solutions which can be achieved starting with Ba 7 F 12 Cl 2 in order to provide a structurally related series of host materials to modulate in a controlled manner the emission properties for optical applications. Substituting Ba by Eu, we have obtained Ba 6 EuF 12 Cl 2 (space group P6) [9] . However, when substituting Ba by Ca, it was found that the Ca ion will not occupy the Ba site on 0 0 0 or 0 0 0.5 (in the P6 3 /m structure), but rather the 0 0 0.25 site (see Figure  1 ) with a sixfold fluoride coordination [10] . In a further study we were able to establish that the disordered structure is in fact stabilized by the presence of small, but significant amounts of Na on the 0 0 0.25 site [11] , leading to the approximate composition Ba ϳ6.9 Na ϳ0.2 F 12 Cl 2 . We have also studied CaϪcontaining and CaϪfreebromide substi-tuted samples of the disordered modification [10, 12] . In this work, we address bromide substituted samples of the ordered modification, both in the presence and absence of Na. 
Experimental Section
Single crystals were obtained by slow cooling (0.1 K/minute) of melts containing alkali halides (LiCl, LiBr, NaCl and NaBr) and BaF 2 under inert atmosphere in graphite crucibles. Both pure and Eu II Ϫ doped (Eu:Ba ratio < 0.01) samples were prepared. The presence of Eu II in these concentrations did not influence the crystal structure. Sodium-free crystals were prepared from mixtures containing only LiCl, LiBr, and BaF 2 .
Individual single crystals were mechanically separated and selected under polarized light for single crystal structure determinations.
Additional solid state reactions of stoichiometric mixtures of Ba 7 F 12 Cl 2Ϫx Br x (starting from 6BaF 2 ϩ (2Ϫx)BaCl 2 ϩ xBaBr 2 ) over the entire composition range were performed.
X-ray measurements were obtained using a Bruker SMART diffractometer with a graphite monochromator and a SMART APEX detector.
Results and Discussion
Preliminary solid state reactions revealed that Figure 2 collects lattice parameters of Ba 7Ϫx Na y F 12 Cl 2Ϫz Br z single crystals obtained in this work together with previous data reported in [1, 11, 12] . The full line connects the pure 1042 chlorides (i.e. z ϭ 0) and illustrates how the presence of Na in the crystal induces a small decrease of the a/c ratio from ca 2.55 to 2.53, which corresponds also to the transition from the ordered to the disordered phase. The progressive replacement of chloride by bromide atoms (observed up to ca 70 % Br) results as expected in the increase of both lattice parameters, as shown by the dashed lines in Figure 2 . For the sodium-free crystals, the a/c ratio remains practically constant, while it tends to decrease in the disordered phase, as shown by the different slopes of the dashed lines in Figure 2 . Details of the crystal structure refinements are collected in table 1. A second crystal originating from the same growth batch as Ba ϳ6.9 Na ϳ0.2 F 12 Cl 0.5 Br 1.5 was also studied and gave slightly different results. The corresponding data are included in the figures.
The presence of Na was detected, as discussed previously [11] , as a residual interstitial electron density at the 0 0 1 / 4 position. In order to quantify the amount of sodium present, all the populations in the different 0 0 z positions (Ba3, Ba33 and Na) were refined without constraints. Although this procedure may result in a nominally non neutral charge of the unit cell (within about 3 standard deviations, neutrality could be recovered), this method provides a reasonably accurate estimate of the sodium content in the crystal. On the other side, the total population of the Cl1/Br1 and Cl2/Br2 sites were constrained to 1. Figure 3 compares the refined Na content with the ratio of Ba populations on the 0 0 0 and 0 0 1 / 2 sites. In the sodium-free ordered phase, this ratio is equal to 0 : 1, while it becomes 0.5 : 0.5 in the disordered phase. Figure 3 shows that there is indeed a relation between the refined Na content and the distribution of the Ba population on the 0 0 0 and 0 0 1 / 2 sites. However, for higher Na content (going towards 0.2) the data suggest a discontinuous behaviour leading to the phase change between ordered and disordered modification. In this context it is important to note that powder diffraction data from powders of sodium containing preparations showed the presence of the disordered modification, while the single crystals from these batches (which were selected for single crystal diffraction experiments under a polarizing microscope) were found to belong to the ordered modification. This observation suggests that growth kinetics also play a role to define whether the ordered or disordered modification is crystallized.
It is further important to note that these new single crystal structure data confirm that the ordered phase can ac-www.zaac.wiley-vch.de 1043 commodate a limited amount of disorder (site populations) in the 0 0 z channels.
In the ordered form of Ba 7 F 12 Cl 2 , there are two different Ba-Cl bond lengths, while only one average distance is observed in the disordered form. As can be seen in Figure 4 , the Ba-X bond lengths (X ϭ Cl, Br) correlate well with the refined bromide content for the Na-free samples. However, in the Na containing crystals, these bond lengths are found between the lines defined by the Na-free samples. The bromide population is found to be different for the two Cl/Br sites. The site with the shorter Ba Ϫ Cl, Br bond length (Cl1,Br1) prefers to keep more chloride compared to site Cl2, Br2.
In Figure 4 , we have also drawn the Ba-X bond lengths observed for the disordered crystals Ba ϳ6.9 Na ϳ0.2 F 12 X 2 , which, as has been shown before [12] , fall on a straight line which is located between the two extreme lines from the Na-free ordered crystals. It is important to note that the Na content is practically constant for these crystals.
Conclusions
In contrast to the analogous lead compounds [7, 8, 13] , we have not succeeded yet to prepare the compound Ba 7 F 12 Br 2 . The highest bromide content, obtained both from solid state reaction and flux growth using Li halides, corresponds to the approximate composition Ba 7 F 12 Cl 0.5 Br 1.5 .
The sodium free ordered crystals Ba 7 F 12 Cl 2Ϫz Br z obey Vegard's rule, as do their disordered analogs (with practically constant Na content).
The Na content, even though Na is only coordinated by six fluoride ions, also influences the Ba-Cl(Br) bond length which tend slightly towards the average value found in the disordered crystals (which all contain significantly more sodium).
Crystals of the ordered modification can accommodate small amounts of sodium in the 0 0 1 / 4 position, which results also in partial occupations of both 0 0 0 and 0 0 1 / 2 sites. The corresponding population ratio is found to be correlated with the Na content.
It remains to be checked whether other crystals of this A 7 B 12 C 2 structure type are also sensitive to the presence of impurities or defects in the0 0 z channel.
